We were able to derive the dQ/dE vs. E curve by carrying out chronopotentiometric measurements using a lithium ion secondary cell incorporating a reference electrode. These in-situ measurements were found to be comparable to the ex-situ measurements, which were obtained using a graphite single particle method. The dQ/dE vs. E curves for the anode of the same type of cells, which contain storage deterioration and cyclic test deterioration data, were then obtained. As a result, an over potential increase in the charge and discharge peaks, as well as a decrease in the charge coulombs was observed. As a result of the dQ/dE vs. E curves of the anode of degraded lithium ion secondary cells incorporating a reference electrode, we were able to evaluate the graphite degradation under conditions close to real environmental conditions.
Introduction
Lithium ion secondary cells possess a high energy density and have been used in a wide range of applications. Due to their small size and weight, these cells have become successful as the main power source of various portable devices. Recently, small Li-ion secondary cells in electric, hybrid and plug-in hybrid vehicles have replaced the large batteries, and further expansion of their applications are expected. Although there are many studies that have focused on the analysis of the electrode reactions of lithium ion secondary cells, which have been carried out using a single cell, there are not many studies which have analyzed the electrode reactions of lithium ion secondary cells in a separate way.
The analysis of the electrochemical measurements of the positive and negative electrode materials is very interesting. Conventionally, the reactions of the electrode materials using a single particle measurement method 13 and electrostatic spray deposition (ESD) 4 have been carried out ex-situ. However, these methods do not necessarily measure the reactions that are occurring in-situ. In particular, it is difficult to evaluate and analyze the degradation of the cell under real conditions using a half-cell, thus a new in-situ evaluation method is necessary. In this paper, the in-situ measurements mean that the electrochemical measurements are conducted for the Li-ion cell before and after its degradation without any disassembling procedure. As mentioned above, the analysis of the degradation of a lithium ion secondary cell under conditions close to actual use in which the cells are actually exposed has been carried out, and the in-situ measurement of the anode and cathode electrode reactions is very important for practical use. For these proposes, the use of a cell with a reference electrode is essential. 5 The use of these types of cells is attractive in order to separately analyze the positive and negative electrode reactions, thus these reaction analyses can be carried out using techniques such as electrochemical impedance spectroscopy (EIS), 6, 7 cyclic voltammetry, dQ/dE vs. E curves, 5,815 chronopotentiometry, etc.
Consistent with the above discussion, using a lithium ion secondary cell incorporating a reference electrode, the dQ/dE vs. E curve of the anode was first obtained and compared to the conventional half-cell that has been reported. 2, 1618 According to the dQ/dE vs. E curves of the degraded cells, the changes in the anode reaction were then analyzed.
Experimental

Cell specifications
We tested a laminated lithium ion secondary cell containing a reference electrode. A schematic illustration of the cell is shown in Fig. 1 . The cell consists of a negative electrode, a separator, a reference electrode, and a positive electrode. The size and position of the reference electrode were optimized so that it does not affect the charge and discharge performance of the cell. This cell used lithium cobalt oxide and graphite as the cathode and anode materials, respectively. The positive electrode consists of a mixture of an active material, an electroconductive material, and a binder resin, at a weight ratio of 90:3:7. And, the negative electrode consists of a mixture of an active material and a binder resin, at a weight ratio of 90:10. Lithium foil was used as the reference electrode, which was inserted between the positive and negative electrodes. The electrolyte contained 1 mol dm ¹3 LiPF 6 , the solvent was ethylene carbonate:diethyl carbonate = 7:3 (volume), and the size of the cell electrodes was 46 mm © 46 mm (including laminate package). The capacity of this lithium ion secondary cell with the reference electrode was 19.4 mAh.
Storage test
The cell was fully charged (4.2 V) and stored in a thermostatic oven at 35°C for 337 hours and 50 minutes.
Cycle test
The cycle test was carried out in a thermostatic oven at 35°C. The cell was charged using the constant current/constant voltage method. The charge current was 10 mA, the constant voltage was 4.2 V and the total charging time was 1 hour. The cell was discharged using a constant current method. The discharge current was 10 mA, and the discharging time was 30 minutes. During this cycle test, the cell was repeatedly discharged to 25% depth of discharge (DOD) and then charged by the same manner as described above, by taking into account the actual utilization of the batteries. The storage time was 337 hours and 50 minutes, and the number of charging/discharging cycles was 94.
dQ/dE vs. E curve
The lithium ion secondary cell with the reference electrode that was not exposed to any type of storage or cycling, which means it does not contain any kind of deterioration, was first tested using charging/discharging equipment (KIKUSUI, PFX2011). This cell was cycled using a constant current/constant voltage and constant current discharge method. During the constant current/constant voltage stage, the current was 4.2 mA, the maximum voltage was 4.2 V and the charging time was 1 hour and 30 minutes. At the constant current discharge stage, the current value was 4.2 mA and the discharge voltage was set to 2.7 V. Each cell was cycled once in order to determine its capacity.
After obtaining the value of the capacity C of the cell using the above method, a constant current charging and discharging test was carried out. The charging/discharging conditions were set at 0.2 C for the current and 2.7 V for the discharge stop voltage. The dQ/dE vs. E curves were obtain by plotting the electric potential (E) and the capacity (Q) vs. the time. The voltage is the value between the anode and cathode. Figure 2 shows the potential profile at a constant current versus time for the anode of the lithium ion secondary cell with a reference electrode that does not contain any deterioration. A change in the negative electric potential is observed in Fig. 2 . These data can be analyzed in detail by analyzing the change in the capacity (Q) vs. the potential dQ/dE, and by plotting these values versus the electric potential (E), then the curve of dQ/dE vs. E can be obtained. This plot is shown in Fig. 3 in which the noise was removed by the moving average method.
Results
In Fig. 3 , the characteristic peaks during the charging can be attributed to the changes in the graphite structure. Comparing the results with the ex-situ voltammogram, 2, 16, 17 in the range of 0.3 0.22 V vs. Li/Li + , the Li ion density in graphite is very low, and the Li ions are randomly inserted between all layers, and the graphite structure goes from the dilute stage-1 to stage-4. 2, 1621 In the range of 0.180.22 V, a clear phase transition from stage-4 to stage-3 is not occurring. The phase transition from stage-3 to stage-2 occurs at peak d, and the phase transition from stage-2 to stage-1 occurs at peak e. As described above, by using a lithium ion secondary cell with a reference electrode, we were able to obtain in-situ results that were similar to the half-cell ex-situ results. 2 The noise observed around 0.04 V vs. Li/Li + , corresponds to a potential change during the charging shown in Fig. 2 . This potential change is considered to be a unique reaction in the cell, and this reaction mechanism should be analyzed by carrying out further experiments. Figure 4 shows the dQ/dE vs. E curve of the cell stored at 35°C. Peaks b and c are not observed in Fig. 4 during the charging, and peaks a, d, and e shifted to the negative voltage side. This is due to the storage of the cell, and a certain type of film is formed on the graphite; this film becomes a resistant iR component. This film is considered to be a solid electrolyte interface (SEI), and this agrees with the result of a report in which the formation of the SEI is concluded to have a significant impact on the cell deterioration. Electrochemistry, 80(10), 762764 (2012) Figure 5 shows the dQ/dE vs. E curve of the cell cycled at 35°C. As in the case of the cell stored at 35°C, peaks b and c are very small and cannot be observed. Also, it was observed that peaks a, d, and e are shifted to the negative voltage side. Also, it is assumed that a film is formed on the graphite, and this film becomes a resistant iR component. Table 1 lists these results. ¦Ep (aB ¹ a) is the difference in the reduction peak potential, (aB) correspond to the oxidation potential peak, and (a) represents the reduction potential peak. QcB is the quantity of coulombs for the reduction reaction of each peak after the deterioration, and Qc express as the quantity of coulomb of the reduction reaction for each peak before the deterioration. QcB/Qc shows the charge coulomb ratio of the deterioration.
Discussion
Figures 4 and 5 correspond to the analysis of the degraded cells, the charging peaks are shifted to the negative potential side, and the discharging peaks are shifted in the postive direction. From Table 1 , it is noticed that ¦Ep (aB ¹ a) increases over 60 mV, which is due to a reversible reaction. 23 This means that the reversibility of the lithium ion insertion reaction is reduced. Comparing the 35°C stored degradation with the 35°C cycled degradation, a considerable difference between the ¦Ep (aB ¹ a) value is obtained.
In addition, the deterioration due to storage of the charging peaks b, c, d, and e can be evaluated by analyzing the coulomb ratio, QcB/ Qc, of the peaks. Based on the degradation coulomb ratio of peaks b, c, d, and e, the 35°C cycled degradation occurred.
According to the results listed in Table 1 , a decrease in the reversibility is observed during the 35°C storage test, while for the 35°C cycle test, a decrease in the capacity is noted, therefore, it is considered that this is due to the difference in the degradation mechanism. This suggests that in the case of the 35°C storage test, the degradation appears with an increase in the overpotential, and for the 35°C cycle test, the degradation appears along with the breakdown of the Li ions intercalation/deintercalation site.
It was found that the deteriorations of the anode material resulting from storage and cycling were different. This strongly suggests that the degradation mechanism of the storage test and the cycle test are different, which is consistent with a previous report. 22 When we consider the fact that there is no report on the degradation mechanism study using a laminate lithium ion secondary cell incorporating a reference electrode under real degradation conditions, this experiment enables us to investigate the precise electrode degradation mechanism. We plan to study these degradation mechanisms in the future.
Conclusions
We were able to obtain dQ/dE vs. E curves of lithium ion secondary cells containing a reference electrode by chronopotentiometry. As a result, these in-situ measurements were able to be compared to the half-cell ex-situ measurements.
It was possible to obtain dQ/dE vs. E curves of lithium ion secondary cells incorporating a reference electrode based on storage test and cyclic test deteriorations. The potential shift in the peaks is due to degradation and a decrease in the amount of coulombs was observed. It is possible to evaluate the electrode degradation using a half-cell, but the degradation mechanism of the half-cell is different from that of a single cell, especially after the cycling degradation. Therefore, this technique is worthwhile to evaluate the single cell before and after the real degradation handlings.
By obtaining the dQ/dE vs. E curves of a lithium ion secondary cell incorporating a reference electrode with certain types of deteriorations, it was possible to evaluate the electrode materials degradation in a simple and easy way under conditions close to real applications in which the cells are actually exposed. 
